Fruit growth in most plants is strongly dependent on photosynthates produced in the leaves. However, if there are too many leaves, the lower part of the canopy becomes heavily shaded and yields are reduced. Experiments were conducted to determine if cultivars of strawberry (Fragaria × ananassa Duch.) grown in Queensland, Australia have excessive leaf production for adequate cropping. Seven cultivars and breeding lines were planted from March to May from 2004 to 2016 and the number of fully-expanded leaves, dry weight of the flowers and fruit, and yield/plant recorded (n = 23). Information was collected on daily maximum and minimum temperatures and solar radiation. Increases in the number of leaves/plant over the season followed a linear pattern (range in R 2 from 0.81-0.99), with the relationship generally similar or better than a dose-logistic (sigmoid) function (range in R 2 from 0.79-0.99). There were strong linear relationships between the number of leaves/plant and growing degree-days (GDDs), using a base temperature of 7 • C (range in R 2 from 0.81-0.99). In contrast, there was no relationship between the number of leaves/plant produced each day and average season daily mean temperature (15.7 • C to 17.8 • C) or radiation (13.0 to 15.9 MJ/m 2 /day) (R 2 < 0.10). Potential yield as indicated by the dry weight of the flowers and immature fruit/plant increased up to 40 to 45 leaves/plant (R 2 = 0.49 or 0.50) suggesting that the cultivars do not have excessive leaf production. There was no relationship between yield and the number of leaves/plant (R 2 < 0.10) because rain before harvest damaged the fruit in some years. These results suggest that the development of new cultivars with more leaves/plant might increase cropping of strawberries growing in the subtropics.
Introduction
The modern strawberry plant (Fragaria × ananassa Duch.) is widely cultivated throughout the world, and has a total production of about eight million tons [1] . The crop is grown most extensively in the temperate regions of northern Europe, northern America and China, with significant plantings in Spain, California, and other places that have a Mediterranean climate. There are a few subtropical areas such as Florida and Queensland that produce berries over winter [2, 3] .
Strawberry is an herbaceous perennial plant with a shortened central stem or crown, from which the new leaves, roots, stolons and inflorescences (cymes) emerge [4] . Axillary buds at the top of the crown produce new crowns or stolons or remain dormant, depending on environmental conditions. Productivity is related to the production of new crowns, leaves and inflorescences, and varies with the cultivar, irrigation, fertilizing and environment [5, 6] . Low yields can be related to poor leaf or flower initiation or poor fruit set. A study of the architecture of commercial strawberries in Italy showed that there were 1 to 3 crowns/plant, 2 to 5 inflorescences/crown, and 10 to 13 primary inflorescences/plant [7] . A similar study in Finland showed that plants under different photoperiods The plants in each experiment were laid out in randomized blocks, with two to six replicates (mostly four) ( Table 1 ). There were two sections in each block, one for recording plant growth and an adjacent one for recording yield. Data were collected on the number of fully-expanded leaves/plant and on the dry weight of the flowers and immature fruit from two or three plants in each block selected at random every three weeks from April to October (Table 1 ). The number of fully-expanded leaves/plant is the net rate of leaf production taking into account the emergence of new leaves and the abscission of old leaves [38] . The dry weight of the flowers and immature fruit was used as an index of potential productivity and is less affected by wet weather than the final fruit harvest [39] . Fruit were harvested once or twice per week for an assessment of yield (fresh mass, FM) from 10 to 40 plants/plot. Mature fruit were classified as those that were at least 75% colored, and fruit with visual symptoms of damage or disease were rejected as non-marketable.
Information was collected on daily maximum and minimum temperatures and solar radiation at the site from the Australian Bureau of Meteorology (www.bom.gov.au). The number of growing degree-days (GDDs), using a base temperature of 7 • C was calculated over the season. The daily mean temperature was calculated from the average of the product of the maximum and minimum temperature [40] . During the experiments, the daily mean temperature was always above 7 • C. Maximum and minimum temperatures were given similar weight in the calculation and there was no attempt to include an upper limit to leaf growth [41] or to take into account minima below 7 • C [42] .
The maximum number of leaves/plant, the average dry weight of the flowers and immature fruit over the season, and yield/plant in the experiments are presented as treatment means with standard errors (SEs) calculated from GenStat (Version 15, VSN International, Hemel Hempstead, UK). Changes in the number of leaves/plant over the season and with GDD were analyzed by regression and fitted using the Marquart-Levenberg algorithm from the graphics software program SigmaPlot (Version 12, Systat, Chicago, IL, USA), and are presented as means for each sampling time and SEs. The average rate of leaf production (number of leaves/day) and the interval between successive leaves in days and GDDs were calculated from these regressions. Ninety-five percent confidence intervals (CIs) were calculated for these parameters from the standard errors of the slopes of the regressions (CI = SE × t 0.05 , df). The degrees-of-freedom (df) used for the t-value was the number of observations in the regression minus two.
The relationships between the average rate of leaf production/plant/day and average daily mean temperature, average solar radiation and the product of mean temperature × solar radiation were analyzed by using regression. The relationships between the average weight of the flowers and immature fruit (potential yield) and final yield, and the maximum number of leaves/plant were also determined.
Results
The average daily mean temperature ranged from 15.7 • C to 17.8 • C in the experiments, the average daily solar radiation ranged from 13.0 to 15.9 MJ/m 2 , and the average product of daily mean temperature × solar radiation ranged from 218 to 281 • C MJ/m 2 ( Table 2) . During the experiments, the daily mean temperature was always above 7 • C. The highest daily maximum temperature ranged from 27.0 • C to 35.7 • C, and the lowest daily minimum temperature ranged from -0.6 • C to 6.0 • C. There was no relationship between average daily mean temperature and average daily radiation (R 2 < 0.10). Changes in the number of leaves/plant over the season followed a linear pattern (R 2 s = 0.81−0.99), with the relationship generally similar or better than a dose-logistic (sigmoid) function (R 2 s = 0.79−0.99) ( Table 3 ). There was an average (± SE) of 0.16 ± 0.01 leaves/plant/day, 27.4 ± 1.4 leaves/plant at the end of the season, and 6.4 ± 0.3 days between successive leaves. Table 3 . Pattern and rate of leaf production in strawberries in Queensland. The number of leaves/day was calculated from the slope of the linear relationship between the number of leaves/plant and the day since planting. The interval between successive leaves was calculated from the slope of the linear relationship between day since planting and the number of leaves/plant. The number of growing degree-days (GDDs) between successive leaves was calculated from the slope of the linear relationship between GDDs and the number of leaves/plant, using a base temperature of 7 • C. Data are presented as mean values ± SEs (standard errors). Confidence intervals were calculated from the SEs. Details of the experiments are provided in Tables 1 and 2 Examples are provided on the number of leaves/plant for 'Festival' planted in 2010 and 'Fortuna' planted in 2011 ( Figure 1) . These examples cover the range in response across the various experiments, with different cultivars, different years and different times of planting (Table 1 ). There were linear increases in the number of leaves/plant in all the other experiments. The responses (linear regressions) over time were similar in these experiments to those shown for 'Festival' planted in 2010 and 'Fortuna' planted in 2011 ( Figure 1) . Thus, the changes for these other 19 experiments are not presented. Across the different experiments, there were differences in the rate of leaf production per day and differences in the maximum number of leaves/plant at the end of the growing season and these data are shown in Tables 3 and 4 .
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Day since planting 40 Table 3 (Experiments 7a, 7b, 10a and 10 b). There were strong linear relationships between the number of leaves/plant and growing degree-days (GDDs) in the experiments (R 2 s = 0.81-0.99), with a new leaf produced every 63 ± 3 GDDs (Table 3 ). Examples are provided on the number of leaves/plant with GDD for 'Festival' in 2010 and 'Fortuna' in 2011 ( Figure 2 ). There was no relationship (n = 23, R 2 s < 0.10) between the mean rate of leaf production and average temperatures and radiation in the experiments (data not presented). There were strong linear relationships between the number of leaves/plant and growing degreedays (GDDs) in the experiments (R 2 s = 0.81-0.99), with a new leaf produced every 63 ± 3 GDDs (Table  3 ). Examples are provided on the number of leaves/plant with GDD for 'Festival' in 2010 and 'Fortuna' in 2011 ( Figure 2 ). There was no relationship (n = 23, R 2 s < 0.10) between the mean rate of leaf production and average temperatures and radiation in the experiments (data not presented). Average yield (± SE) was 734 ± 49 g/plant in the experiments and average mean seasonal dry weight of the flowers and immature fruit was 6.5 ± 0.5 g/plant ( Table 4 ). The dry weight of the flowers Agriculture 2019, 9, 197 8 of 12 and immature fruit (potential yield) increased by a factor of more than two as leaf production increased from 20 leaves/plant to 40 to 45 leaves/plant (Figure 3) . In contrast, there was no relationship between final yield and the number of leaves/plant (R 2 < 0.10) 7b, while the early and late plantings of 'Fortuna' in 2011 relate to Experiments 10a and 10b. Linear models are shown.
Average yield (± SE) was 734 ± 49 g/plant in the experiments and average mean seasonal dry weight of the flowers and immature fruit was 6.5 ± 0.5 g/plant ( Table 4 ). The dry weight of the flowers and immature fruit (potential yield) increased by a factor of more than two as leaf production increased from 20 leaves/plant to 40 to 45 leaves/plant (Figure 3) . In contrast, there was no relationship between final yield and the number of leaves/plant (R 2 < 0.10) 
Maximum number of leaves/plant

Discussion
The strawberries produced a new leaf every four to ten days, however, there was no evidence that the plants produced too many leaves for acceptable flower and fruit production. Potential yield as indicated by the dry weight of the flowers and immature fruit increased up to 40 to 45 leaves/plant. Strawberry fruit are dependent on carbohydrates produced by the leaves during photosynthesis. The carbohydrates can come from current photosynthesis or from reserves stored in the crowns and roots [43, 44] . In the United States, only 25% of the carbohydrates required for the first seven days of fruit growth was supplied from CO2 assimilation during that time, with the majority supplied from reserves [45] . In a similar experiment in Japan, about 25% of 14 C from the uppermost leaf was translocated to the inflorescences at anthesis and 60% to 80% to the ripening fruit [46] .
The relationship between yield and leaf production can be investigated by removing leaves on a plant and recording the impact on yield. Sproat et al. [47] removed leaves from four strawberry cultivars in Maryland in September and counted the number of leaves and berries produced on the plants to June. There were linear relationships between yield and the number of leaves/plant (R 2 s = 0.73-0.88). No optimum was established, with yield increasing up to 28 to 55 leaves/plant, depending on the cultivar. The cultivars produced 1.1 to 2.8 berries/leaf. Several other authors have examined the effect of defoliation on the yields of strawberries [13, [48] [49] [50] . Across these studies, a mean (± SE) 50 ± 4% decrease in the number or area of leaves/plant was associated with 26 ± 5% decrease in yields relative to non-defoliated controls. 
The strawberries produced a new leaf every four to ten days, however, there was no evidence that the plants produced too many leaves for acceptable flower and fruit production. Potential yield as indicated by the dry weight of the flowers and immature fruit increased up to 40 to 45 leaves/plant. Strawberry fruit are dependent on carbohydrates produced by the leaves during photosynthesis. The carbohydrates can come from current photosynthesis or from reserves stored in the crowns and roots [43, 44] . In the United States, only 25% of the carbohydrates required for the first seven days of fruit growth was supplied from CO 2 assimilation during that time, with the majority supplied from reserves [45] . In a similar experiment in Japan, about 25% of 14 C from the uppermost leaf was translocated to the inflorescences at anthesis and 60% to 80% to the ripening fruit [46] .
The relationship between yield and leaf production can be investigated by removing leaves on a plant and recording the impact on yield. Sproat et al. [47] removed leaves from four strawberry cultivars in Maryland in September and counted the number of leaves and berries produced on the plants to June. There were linear relationships between yield and the number of leaves/plant (R 2 s = 0.73-0.88). No optimum was established, with yield increasing up to 28 to 55 leaves/plant, depending on the cultivar. The cultivars produced 1.1 to 2.8 berries/leaf. Several other authors have examined the effect of defoliation on the yields of strawberries [13, [48] [49] [50] . Across these studies, a mean (± SE) 50 ± 4% decrease in the number or area of leaves/plant was associated with 26 ± 5% decrease in yields relative to non-defoliated controls.
In the current study, potential yield increased with increasing number of leaves/plant, with no evidence of excessive leaf production. In the United Kingdom and the United States, shading of the lower leaves by the upper leaves decreased yields and cultivars with more open canopies had higher yields than those with dense canopies [35, 51, 52] . Srinivasan et al. [53] suggested that decreasing, not increasing, leaf area will raise crop yields under climate change. They found that removing some of the leaves from soybean plants in Illinois, United States increased yields by 8% to 10% compared with control plants. Similar studies with maize in China indicated that removing a few leaves increased yields by 12% to 15% [54] .
There was a linear increase in the number of leaves/plant in the experiments. Leaf production was nearly linear over 120 days in Wisconsin, with a leaf produced every six to thirteen days [55] . Leaf production was linear over 64 days in one cultivar in the United Kingdom and linear over 96 days in two cultivars [56] . A leaf was produced every two to five days during the main period of growth. Arney [28, 57, 58] found that a leaf emerged every eight to ten days in 'Royal Sovereign' from June to September in the United Kingdom. All the previous studies involved strawberries growing over summer in temperate areas. The average rate of leaf production in Queensland is similar to that reported in the United States and the United Kingdom.
There were strong relationships between the number of leaves/plant and growing degree-days (GDDs), with a new leaf emerging after 39 to 93 GDDs and a mean of 63 ± 3 GDDs. This analysis used a base temperature of 7 • C as proposed in Brazil, with a new leaf emerging after 57 to 200 GDDs and a mean of 116 ± 8 GDDs [59] . These researchers used a range of cultivars and a range of different nursery plants. Overall, leaf production was more rapid in Queensland than in Brazil. Other base temperatures have been suggested for the growth of strawberries, including 0 • C in Brazil [25] and 3 • C in Norway [60] , but these temperatures appear too low for a species in the subtropics.
There was no relationship between the number of leaves/day and average temperatures or solar radiation in the current experiments. Various optimum temperatures have been proposed for leaf production in strawberry, but no critical upper threshold when leaf production ceases has been suggested. Maximum leaf production occurred with different mean temperatures ranging from 10 • C to higher than 28 • C in cultivars adapted to temperate or Mediterranean conditions [28] [29] [30] . The minimum daily solar radiation for leaf production has not been established for strawberries.
There was no relationship between yield and the number of leaves/plant, because rain or disease affected the fruit before they were harvested in some years. Previous research in Queensland demonstrated that up to 60% of the fruit were damaged by rain or disease during wet weather [61] .
Conclusions
Strawberries in Queensland produced a leaf every four to ten days, however, there was no evidence that the plants had too many leaves for adequate flower and fruit production. The dry weight of the flowers and immature fruit (potential yield) increased up to 40 to 45 leaves/plant. There was no relationship between yield and the number of leaves/plant, because rain before harvest damaged the fruit in some years. A new leaf was produced after every 63 ± 3 GDDs using a base temperature of 7 • C. In contrast, there was no relationship between the numbers of leaves/day and average season daily mean temperature (15 • C to 17.8 • C) or radiation (13.0 to 15.9 MJ/m 2 ). These results suggest that the development of new cultivars with more leaves/plant might increase cropping of strawberries growing in the subtropics. Another approach would be to develop cultivars with larger leaves [62] or cultivars with longer leaf spans [38, 63] , which would increase seasonal carbohydrate production.
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